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Superinfection by phage T4 of cells infected by the ribonucleic acid (RNA) phage f2 results in inhibition of further f2 production. Experiments using rifampin show that the exclusion of f2 requires T4 gene function soon after T4 infection. By using a sensitive new peptide-mapping procedure to identify f2 coat protein in infected cells, we show that synthesis of the f2 coat occurs at a reduced level until 4 min after T4 superinfection and then ceases abruptly. Within 4 min after T4 superinfection, there are also several changes in f2 RNA metabolism, all of which require T4 gene function: preexisting f2 replicative intermediate RNA and f2 single-stranded RNA are degraded to small but still acid-precipitable fragments, and most f2-specific RNA is released from polyribosomes. We favor the hypothesis that T4 induces the synthesis of a specific endoribonuclease which degrades f2 RNA and that the inhibition of f2 protein synthesis may be a consequence of this degradation, rather than a direct effect of T4 upon translation.
Infection of Escherichia coli by the deoxyribonucleic acid (DNA) phage T4 results in cessation of host ribonucleic acid (RNA) and protein synthesis. Mechanisms proposed to account for this include alterations in the host membrane (6, 8) , synthesis of a T4-specific factor for initiation of transcription (30) , a loss of certain host transfer RNA (tRNA) species (29) with replacement by phage-specific tRNA species (4, 28) , and a change in the factors required for initiation of messenger translation (5, 16, 19, 20) .
In E. coli cells infected with the RNA phage f2, superinfection by T4 inhibits further production of f2 virus (13) . A study of the mechanism of this process may lead to general clarification of the way or ways T4 affects host functions.
Yarosh and Levinthal, observing an immediate decrease in the level of infectious f2 RNA in cells superinfected with T4, suggested that T4 acts by inferfering with f2 RNA replication (33) . However, Hattman and Hofschneider found that the level of infectious phage RNA rises 10 mi after T4 infection (13) . In addition, Hattman also showed that f2 protein synthesis was terminated in cells superinfected by T4 (12, 14) . These results led him to postulate that the site of action of T4 was upon f2 protein synthesis.
Recent work with cell-free protein synthesis has tended to support translational control.
Several investigators have reported that ribosomes from cultures harvested 12 or 13 min after infection by T4 are inhibited in their ability to translate or bind f2 RNA; experiments mixing components from uninfected and T4-infected cells showed that the origin of the initiation factors determined the ability to recognize f2 RNA (5, 16) .
In this paper, we use a new peptide-mapping procedure to identify f2 coat protein synthesized in infected cells. We show that synthesis of the f2 coat protein is terminated 4 mmn after superinfection by T4. However, extracts prepared from cells 5 min after T4 infection show only partial inhibition in their ability to synthesize the f2 coat in vitro (16; in preparation). Further, in our hands, ribosomes from cells infected with T4 for 12 min are still only partially inhibited in the translation of f2 RNA (in preparation). This suggests that inhibition by T4 of f2 translation may not be the process of exclusion of f2 phage; indeed, Pollack et al. suggest that the T4-induced change in initiation factors could be involved in the regulation of translation of early and late T4 messenger RNA (mRNA) species (25) .
In this paper, we also show degradation to small but acid-precipitable products of both f2 replicative intermediate RNA and single-stranded GOLDMAN AND LODISH RNA within 4 min after T4 infection; further, T4 superinfection results in the release of f2-specific RNA from polyribosomes. We show that all of these phenomena, as well as exclusion itself, require T4 gene action. We suggest that T4 induces the synthesis of an endoribonuclease which specifically degrades f2 mRNA and possibly degrades cellular mRNA.
MATERIALS AND METHODS
Reagents. Rifampin-B, a gift from Ciba, was dissolved overnight in distilled water at 1 mg/ml; 11C-uracil and 14C-tyrosine were obtained from New England Nuclear Corp.; trypsin treated with TPCK and ribonuclease-free deoxyribonuclease 1 were from Worthington Biochemical Corp.; and pancreatic ribonuclease was purchased from Calbiochem.
Strains. E. coli K38 (Hfr, su-) (also known as S26) and the isogenic E. coli K37 (su+) (also known as S26R1E) were obtained originally from N. Zinder.
Bacteriophage T4D, amN122, and other T4 amber mutants were from the collection of C. Levinthal; amN122, an early amber (D°), is defective in gene 42 (the hydroxymethylation of cytosine) and also, apparently, in gene 43 (1) .
Bacteriophage f2 and mutant ts-6 have been described (24) .
Media and cell growth. Media were slightly modified from those of Hattman (14) in that a mixture of 19 amino acids (all except tyrosine) at a final concentration of 0.1 mm replaced Casamino Acids.
Growth of E. coli was followed in a Klett colorimeter. All experiments were done at 37 C, except where noted.
Phage stocks. E. coli K37 cells were grown to 2 X 108 per ml in tryptone broth and infected with amN122 or T4 wild type at a multiplicity of less than 1. After 3 to 4 hr, chloroform was added, and the lysate was clarified by centrifugation at 4,000 X g for 10 min in a Sorvall refrigerated centrifuge. Phage were harvested by centrifugation at 20,000 X g for 2 hr and resuspended overnight in minimal medium at 4 C.
The f2 and ts-6 stocks were usually crude lysates, clarified only by a low-speed spin. Purification of f2 phage and f2 RNA. RNA and f2 phage were purified by a modification of an earlier procedure (22) .
A lysate from f2-infected cells was centrifuged at 5,000 rev/min (4,000 X g) for 5 min in a Sorvall refrigerated centrifuge. Polyethylene glycol (molecular weight 6,000; final concentration 10%) and NaCl (final concentration 0.5 M) were added to the supernatant fluid (20) . The suspension was allowed to sit for 2 hr in the cold and was then centrifuged at 10,000 rev/min (15,000 X g) for 10 min in the Sorvall apparatus; the precipitate was resuspended in 0.1 M Tris (pH 7.4); 0.625 g of CsCl was added per ml of solution. Centrifugation was at 35,000 rev/min (132,000 X g) in a Beckman SW36 rotor for more than 18 hr at 4 C; the rotor was stopped without braking. Fractions were collected from the bottom of the tube; phage fractions were pooled, diluted at least fourfold with 0.1 M Tris (pH 7.4), and pelleted at 39,000 rev/ min (100,000 X g) for 3 hr in a Beckman 40 rotor at 4 C. The phage pellet was dissolved in 0.1 M Tris (pH 7.4). f2 RNA (27S) was extracted with phenol and precipitated with ethanol, as described above, and was stored frozen in distilled water at -20 C.
Purification of f2 double-stranded RNA. Purified f2 double-stranded RNA was prepared by a modification of a procedure of Billeter (2) .
Five liters of E. coli K38 cells was grown in concentrated broth (21) under high aeration at 37 C to 2 optical density (OD)550 units (2 X 109 cells/ml). CaCl2 was added to 2.5 mm, and the culture was infected with 1014 viable f2 phage. Forty five minutes later, the culture was poured on ice, harvested, and frozen. The cells were resuspended in 80 ml of 0.2 M sodium acetate (pH 4.7) by using a motor-driven propeller; SDS was added to 2%6, and the suspension was frozen and thawed four times and then extracted twice with phenol. The phenol layers were re-extracted with more acetate buffer, and the aqueous layers were pooled; nucleic acid was precipitated with three volumes of ethanol overnight at -20 C, pelleted, and washed with ethanol and ether. The dried pellet was dissolved in buffer (0.05 M Tris, pH 7.4; 0.1 M NaCl), and the concentration of nucleic acid was adjusted to 50 OD260 units per ml.
Ribonuclease and lysozyme were both added to 100 jg/ml each, and the solution was incubated at 37 C for 30 In the polysome studies, 37 ml of linear 15 to 30% (w/w) sucrose density gradients in buffer (0.06 M KCI, 0.01 M MgSO4, 5 mM Tris, pH 7.4) were centrifuged for 3 hr at 26,500 rev/min (95,000 X g) in the SW27L rotor; preparation of polysomes was by the procedure of Godson (10) .
Gradients were pumped from the bottom through a 5-mm flow cell in a Gilford spectrophotometer, and the absorption at 260 nm was continuously recorded. shows a single-step growth curve of f2 phage. When amNl22 is added to the culture 12 min after f2 infection, there is over 98% inhibition of production of f2 (curve 2).
The antibiotic rifampin, a specific inhibitor of DNA-dependent RNA polymerase, allows us to determine whether the exclusion of f2 by T4 re- per ml and infected with f2 at a multiplicity of 6. amN122 was added at a multiplicity of5. The final concentrationi of rifampin was 75,g/ml.
quires T4 gene function. Although rifampin inhibits T4 RNA synthesis regardless of the time of addition (11), it does not seriously affect the growth of RNA phages (9), as can be seen in curve 3 ( Fig. 1) , where the drug was added 8 min after f2 infection. If T4 RNA or protein synthesis is necessary to exclude the RNA phage, superinfection by T4 in the presence of rifampin should not inhibit the production of RNA phage. This is verified in curve 4 ( Fig. 1) where rifampin was added to an f2-infected culture at 8 min and amN122 4 min later.
It is possible that rifampin somehow interferes with the adsorption of T4 or that normally T4 simply activates host enzymes, which in turn are responsible for the inhibition of f2 production.
To investigate this further, rifampin was added at various times after superinfection by T4 (Fig.  2 , curves 3, 4, 5). This procedure enables us to measure the inhibition of f2 production as a function of the length of time that we allow T4 RNA synthesis. We find that the extent of RNA phage exclusion varies directly with the length of time between T4 infection and rifampin addition. After 6 min of T4 gene action, little rescue of VOL. 8, 1971 419 (15) . In all instances, growth of the RNA phage was inhibited normally.
f2 Protein synthesis after T4 infection. Since f2 infection does not shut off host metabolism, large quantities of host proteins are encountered when attempting to measure f2-specific synthesis in infected cells. The method we have developed for assaying f2 protein synthesis involves a peptidemapping procedure. Cells are labeled for a short time with 14C-tyrosine; the total protein is digested with trypsin, and the resulting peptides are separated by paper ionophoresis at pH 3.5. Bands corresponding to authentic f2 coat protein peptides are cut out and rerun at a different pH. Authentic, labeled f2 coat markers were obtained from purified phage or, more routinely, from f2-infected cells treated with rifampin (which make essentially only the f2 coat protein).
A typical assay is shown in Fig. 3 to 6 and Table 1 . Figure 3 is an autoradiogram made after the first ionophoresis at pH 3.5. In a digest from the sample infected with f2 and treated with rifampin (sample 4), one sees three peptides (A, B, and C) which are not found in a similar uninfected culture (sample 3). In this experiment, rifampin was added 9 min before the '4C-tyro- shaken at 37 Cfor 10 min to hydrolyze peptidyl transfer RNA. Trichloroacetic acid was added to a final concentration of 10%; the precipitates were centrifuged and washed three times with 5% trichloroacetic acid and 3% Casamino Acids, once with absolute ethanol and once with ether. The diied precipitates were dissolved in 0.1 ml of0.1 m NaOH. A 1.0-ml amount of 1% NH1HCO3 containing sufficient acetic acid (0.03%) to neutralize the NaOH was added, and the samples were digested with TPCK trypsin (final concentration 15 pg/ml) at 37 Cfor 4 hr. Samples were freeze-dried, twice resuspended in pH 3.5 buffer (0.5% pyridine, 5% acetic acid), and freeze-dried again. Samples were resuspended in pH 3.5 buffer and subjected to electrophoresis at pH 3.5 on Whatman 3 MM paper at 5 kv for approximately 90 min in a varsol-cooled tank. The paper was exposed to Kodak Royal Blue X-ray film for 7 days. (Fig. 3 ) was cut out, sewn onto a new piece of Whatman 3 MM paper, and subjected to electrophoresis at pH 1.9 (8% acetic acid, 2%formic acid). Shown is an autoradiogram ofthis electrophoresis.
sine; a longer pretreatment will reduce host synthesis (sample 3) far below that shown here. Experiments with different radioactive amino acids (H. F. Lodish, unpublished data) have correlated peptides A, B, and C with three of the tryptic peptides described by Weber and Konigsberg (31) . Band A is peptide TI, the C terminal tryptic peptide of the f2 coat. Band B is tryptic peptide T8, and C is T9. The other tyrosine in the coat is found in a long tryptic peptide which remains in the origin.
These coat peptides are found in a digest of cells infected with f2 but not treated with rifampin (compare sample 7 with sample 8). To reduce further the background from labeled cellular products, the region of the paper corresponding to band A was excised and rerun at pH 1.9 (Fig.   4) ; bands B and C were likewise rerun at pH 4.5 ( Fig. 5 and 6, respectively) . The amount of radioactivity in the regions corresponding to the different peptides is tabulated in Table 1 . Peptide C in the f2-infected culture (sample 7) has about 12 times as many counts as the corresponding region from the uninfected culture (sample 8). Peptide A has close to six times as many, but peptide B has only twice as many counts. In general, we were not able to obtain reliable numbers for peptide B because of this high level of non-f2-specific incorporation into peptides with mobilities similar to peptide B.
In these experiments, cells were labeled from 25 to 27 min after f2 infection. When T4 is added at 23 min (sample 5), there is synthesis of all three f2 peptides in amounts 50 to 60% of the control culture (sample 7; Table 1 , Fig. 4-6) .
The same procedure was used to obtain more extensive data on the time course of f2 coat synthesis after T4 superinfection ( Table 2 ). The synthesis of f2 coat is terminated sharply 4 min after T4 superinfection. Although coat synthesis in the 0-to 2-min pulse after T4 infection appeared to be only 35 % of the control, this number is probably an underestimate since the total 14C-tyrosine incorporation of this culture was one-third lower than the f2 standard.
To determine whether the time of shut-off of f2 coat synthesis is independent of the speed of killing by T4, or the number of T4 genomes in the infected cells, we assayed f2 coat synthesis 2 to 4 min after superinfection at different T4 p H4. (Fig. 3) The f2 replicative intermediate (RI) consists of a double-stranded core to which is attached the nascent f2 single-strands (7). It is usually found on polysomes in the infected cell (10, 17). Although it seems likely that the RI is not a double helix in vivo, the phenol-extracted RI forms a partially double-stranded structure (3, 31) . This enables us to assay for RI by RNA which is resistant to ribonuclease.
If f2-infected cells are labeled with 14C-uracil rifampin is added before T4 (Fig. 7B, curves 4, 5) , implying that T4 gene action is necessary for this effect. There was no degradation of RI after 2 min of superinfection by T4; after 3 min of superinfection, there was some degradation although not as extensive as that seen at 4 min (Fig. 7a,  curve 2 ). Although clearly, intact RI (14 to 24S) is lost after T4 infection, it is possible that some of the small, labeled double-stranded RNA could result from aberrant synthesis with labeled nucleotides from the internal pool instead of degradation of RI since chasing an RNA label effectively in the (Fig. 3) was cut out and treated exactly as in Fig. 5. and chased for 4 min with cold uracil, the labeled phenol-extracted RI, as measured by ribonuclease resistance, sediments between 14 and 24S on a sucrose gradient, with the bulk of the material at about 15 to 16S (Fig. 7A, curve 1) . However, if f2-infected cells are labeled, chased, and superinfected by T4 for 4 min, one finds a marked depression in the amount of ribonuclease-resistant RNA sedimenting faster than 14S (Fig. 7A, 8) . amNl22, also at a multiplicity of 8, was added at 25 min, followed by 14C-tyrosine for 2-min pulses at various times thereafter as indicated. Procedures and quantities were identical to those described in Fig. 3 . Bands A and C were electrophoresed in a second dimension, as described in Fig. 4 and 6 , and the peptide spots were cut out and counted. Backgrounds (above) have been subtracted from these results, as demonstrated in Table 1 Fig. 3 . Bands A and C were electrophoresed in a second dimension, as described in Fig. 4 presence of T4 proved to be difficult. Thus, the experiment described above was repeated with a temperature-sensitive mutant of f2, ts-6, which does not make double-stranded RNA at high temperature although it continues to use preexisting RI to make more single-stranded RNA (24) . If ts-6 infected cells are labeled at 34 C and then shifted to 42 C, the RI remains intact 4 min later (Fig. 8, curve 1) . However, if the culture is superinfected with T4 at the time of shift-up, the RI is largely degraded to 6 to 9S material within 4 min (Fig. 8, curve 2) , proving that we are observing degradation and not aberrant synthesis of double-stranded material.
Degradation of f2 single-strands. Besides RI, the other major species of f2 RNA found in infected cells is single-stranded RNA, the RNA found in the intact virion. This RNA sediments at 27S in a sucrose gradient; after short labeling periods, it is found mostly on polyribosomes (10) .
We assay for f2 single-stranded RNA by hybridization competition. A portion of the labeled sample is melted by heating and annealed with a large excess of highly purified (unlabeled) f2 ribo- (5) nuclease-resistant RNA (double-strands). Virtually all labeled f2-specific RNA enters into double-stranded form which is then measured by resistance to ribonuclease (tube 1). The same procedure is carried out in a parallel tube, except that a large excess of (unlabeled) viral RNA is added at the outset. Because of the competition by the excess viral RNA, labeled plus strands (or fragments of plus strands) of the original sample will be virtually excluded from the new doublestrands formed in the annealing step; these plus (1) ts-6 alone (0)); (2) ts-6 + amN122 (@); (3) amN122 alone (X). E. coli K38 cells were grown to 2 X 108 per ml at 34 C and infected with ts-6 (multiplicity of 7) at zero time. '4C-uracil was added at 37 min. At 45 min, the culture was placed at 42 C, chased with uracil, and infected with amNI22 (multiplicity of 5). Four minutes later, the culture was poured on ice. Other procedures and quanztities are idenitical to those described in the legend to Fig. 7. strands are therefore sensitive to ribonuclease (tube 2).
Taking the difference between the total hybridized counts (tube 1) and the amount left after competition by excess viral RNA (tube 2), we obtain a measure of the "plus-strand content" of the original sample.
f2-Infected cells were labeled with '4C-uracil 15 min after infection. Cold uracil was added at 20 min, and the culture was harvested 4 min later. Nucleic acid was extracted as described above and sedimented on a sucrose gradient. Portions of the gradient were pooled and assayed for plus-strand content as described above (Fig.  9A, curve 1) . The bulk of this material appears at 27S. However, if the culture is superinfected with amNl22 at 20 min, we observe both a loss of 27S material and an increase of plus strands with smaller sedimentation velocities (Fig. 9A, curve  2) ; this suggests degradation of 27S f2 RNA in the presence of T4. In a repetitition of this experiment at 42 C, over 80 % of the labeled, f2 27S plus strands were converted to smaller material within 4 min of T4 superinfection.
If rifampin is added 15 min after f2 infection, we find no degradation of plus strands in cultures superinfected by T4 (Fig. 9B, curves 3 and 4) , indicating that T4 gene action is required for the degradation.
We were concerned to what extent the packaging of f2 RNA into virions might be affecting these results. Therefore, a lysed sample of the f2-infected control culture was measured for incorporation of label into phage particles by two methods. In the first, the lysate was spun in CsCI to equilibrium (see above), and incorporation of label into the phage peak was determined; more routinely, we simply diluted the lysate 50-fold with water and measured resistance to ribonuclease (only phage particles are ribonucleaseresistant in this procedure; reference 22). By both methods, we found essentially no incorporation of label into particles at the time of harvesting. However, a sample allowed to continue 50 min after f2 infection showed by both methods extensive incorporation into phage particles. Thus, the T4-induced degradation suggested by Fig. 9a , curve 2 cannot be due to T4 interference with the packaging of f2 RNA since packaging is negligible 24 min after f2 infection.
f2 RNA content on polyribosomes. Since both f2 coat synthesis is stopped and all forms of f2 RNA are degraded 4 min after T4 superinfection, it was of interest to determine what happened to f2 RNA content on polyribosomes.
Again, f2-infected cells were labeled with '4C-uracil 15 min after infection. Cold uracil was added at 20 min, and the culture was harvested 4 min later. Cells were gently lysed with detergent and sedimented on a sucrose gradient in buffer containing potassium (10) . The optical density of the polysomes is shown in Fig. 10 . Fractions of this gradient were pooled (Fig. 10) into three regions. Nucleic acid was extracted and assayed for plus-strand content as described in the previous section.
In Table 4 , both the total hybridized counts and the counts competed away by viral RNA are shown. In a culture infected only with f2, 58% of the plus strands were in the polysomes, 2370 in the monosomes, and 19% at the top. However, in a culture superinfected by amN122 at 20 min (and harvested 4 min later), only 21%co of the f2 plus strands remain in the polysomes, with 18% in the monosomes, and now 61 % at the top. Thus, 4 min after T4 superinfection, there is a major loss of f2 RNA from the polysomes. Although the recovery of f2 plus strands in the sample superinfected by T4 appears to be only two-thirds of the quantity recovered in the f2 control, this is probably an underestimate since the initial total incorporation of 0'C-uracil in the superinfected sample was likewise only two-thirds of the incorporation of the f2 control.
In a preliminary experiment, RNA extracted from the polysome region of a culture superinfected by T4 was sedimented on another sucrose gradient, and assayed for plus-strand content. Single-stranded f2 RNA which remained on polysomes 4 First, we showed that exclusion of f2 by T4 requires T4 gene function. This finding, of course, eliminates as the basis of exclusion any of the effects on cells seen with T4 ghosts (barring the unlikely possibility that T4 or ghosts exclude by inducing synthesis of a host RNA). In fact, ghosts may act by fundamentally different processes than do whole phage (6; in preparation). Since a T4 amber mutant deficient in DNA synthesis was used in our studies, the T4 gene(s) responsible for exclusion must be early functions.
We showed that in cells infected with f2 for 23 or 25 min, synthesis of the f2 coat protein occurs until 4 min after T4 superinfection and then ceases abruptly. Also at 4 min after superinfection, both f2 RI RNA and f2 singlestranded RNA are largely degraded to small but acid-precipitable forms. f2 RNA is also lost from polysomes at this time. We believe that this RNA degradation occurs inside the infected cell and is not an artifact of the procedure for RNA isolation since (i) there is no T4 lysozyme production or cell lysis with T4 amN122, and (ii) a similar RNA isolation procedure has been used by others to extract biologically active mRNA species from T4 cells (26, 27) .
Two mechanisms can account for our results: (i) T4 induces the synthesis of a new endoribonuclease (or possibly induces the action of a host nuclease), which partially degrades singlestranded f2 RNA, and the f2 replicative intermediate. As the RI is believed to be singlestranded in the infected cell (30), it is not necessary for this postulated nuclease to be able to atattack double-stranded RNA as well. Although the fragments of f2 RNA are macromolecular (6S, about 200 nucleotides), they should be inactive as messenger since they are not bound to ribosomes (Table 4) . (ii) Alternatively, T4 could induce the synthesis or change of some component of the protein synthesis machinery, presumably an initiation factor, so that f2 RNA could not attach to ribosomes or initiate protein synthesis. The unattached RNA would then be degraded by (normal) cellular nucleases.
It is difficult to decide between these alternatives. Most workers favor the second mechanism, largely because of experiments in which it was shown that ribosomes isolated from cells 12 min after T4 infection were unable to translate or bind f2 RNA, but could translate normally poly uridylic acid or late T4 mRNA (5, 16, 19) . These cell-free experiments must be interpreted with caution. We (in preparation) and others (16) have shown that ribosomes isolated 5 min after T4 infection will translate in vitro f2 RNA about 50% as well as ribosomes from uninfected cells. In contrast, when cells infected by f2 are superinfected with T4 for 5 min, there is over 95% inhibition of f2 coat synthesis. Furthermore, in our hands, ribosomes from cells infected by T4 for 12 min still translate f2 RNA 50% as well as normal ribosomes, and the three f2 proteins are made in the normal relative proportions (in preparation). This suggests that the inhibition of f2 RNA translation observed in cell extracts may not be sufficient to account for the inhibition by T4 of f2 synthesis in the infected cell. The initiation factors found in extracts of cells infected by T4 for 12 min also discriminate between early and late T4 mRNA species, suggesting to us a role for this factor in regulation of T4 development rather than in shut off of cellular or f2 protein synthesis (25) .
Although there is no biochemical evidence for a T4-induced endoribonuclease, such an enzyme could account for much of the exclusion of f2 by T4. Although the degradation of f2 RI was largely complete by 4 
